A novel, rational, and efficient way to explore high-performance electrocatalysts was developed by controlling the reaction kinetics of the rate-determining step (RDS). Density functional theory (DFT) calculations demonstrate that the RDS for the oxygen evolution reaction driven by transition metal hydroxides/oxides, i.e., surface adsorption of OH −
Introduction
Electrocatalyst materials for the oxygen evolution reaction (OER), hydrogen evolution reaction (HER), oxygen reduction reaction (ORR), and CO 2 reduction reaction have attracted enormous research interest because of their crucial roles in many energy-related technologies, such as metal-air batteries, water electrolysis, fuel cells, and artificial photosynthesis 1, 2 . These redox reactions require the simultaneous transfer of four or two electrons, which makes them very sluggish. Although there are several noble metals and their alloys showing excellent electrocatalyst activities [3] [4] [5] , the high cost and limited abundance of noble metal elements frustrate their practical use. To replace these precious materials, a great deal of research effort has been devoted to exploring transition metal oxide/hydroxide-based electrocatalysts with low cost and high abundance 6, 7 . Layered transition metal hydroxides like Ni-Co-layered double hydroxide (LDH) and Ni-Fe-LDH have received prime attention because of their excellent electrocatalytic activities for diverse electrochemical reactions, including the OER 8 . The absence of noble metal components renders these materials promising alternatives to commercial Ir/C as OER electrocatalysts. The great flexibility in the chemical compositions of these materials provides useful opportunities to enhance their electrocatalytic functionalities 9, 10 . However, the electrocatalytic performances of these transition metal hydroxides are still inferior to those of noble metal catalyst, which prompts research efforts to improve their electrocatalytic activities. Since the functionality of electrocatalysts is generally strongly dependent on the surface area, number of active sites, and electrical conductivity, many attempts have been made to optimize these characteristics 11, 12 . In one instance, hybridization with highly conductive carbon nanostructures was quite effective in enhancing the electrocatalytic activity of transition metal hydroxide/ oxide materials by increasing the electrical conductivity 13 . Also, the formation of low-dimensional nanostructures with expanded surface areas, such as exfoliated twodimensional (2D) nanosheets (NSs), is quite effective in enhancing the electrocatalytic functionality 14 . Despite these previous attempts, a novel synthetic strategy based on the electrocatalyst reaction mechanism is still necessary to explore highly efficient electrocatalysts using economically feasible transition metal oxides/hydroxides. According to previous mechanism studies on the OER process catalyzed by oxides and oxyhydroxides, the attachment of reaction intermediate OH − and/or OOH
• species on surface active sites has a profound effect on the reaction kinetics as the rate-determining step (RDS) 15, 16 . Thus, it is crucial to tailor the binding affinities of sites on the surface of metal hydroxides for these intermediate species to improve the OER functionality. Since hydrophilic RuO 2 NSs can act as an efficient electron reservoir for many inorganic solids 17, 18 , hybridization with this electron-withdrawing NS is expected to be quite effective in enhancing the electrophilicity of transition metal hydroxides/oxides via interfacial electron transfer between hybridized NSs. The resulting increase in the electrophilicity of the electrocatalyst would be quite advantageous in promoting the binding of nucleophilic OH − and/or OOH • species on the surface, leading to remarkable enhancement of the OER electrocatalytic activity. Thus, hybridization with this electron-withdrawing, inorganic NS can provide a novel, effective way to enhance the OER electrocatalytic activity of transition metal hydroxides/oxides. Although there are several previous reports about the synthesis of LDH-based hybridtype electrocatalysts for OERs [10] [11] [12] [13] [14] , no attempt has been made to improve the reaction kinetics of the OER process via fine-tuning the electrophilicity of the LDH. At the time of this submission, we are unaware of any other report about the enhancement of the electrocatalyst functionality and RDS kinetics using transition metal hydroxides/oxides via hybridization with inorganic NSs based on detailed speculation of the reaction mechanism.
Here we report an efficient method to explore economically feasible transition metal hydroxide/oxide-based OER electrocatalysts with unusually low overpotential via kinetic control of the RDS of the electrocatalytic reaction. The effects of hybridization with RuO 2 NSs on the mechanism of the OER process were quantitatively investigated with theoretical density functional theory (DFT) calculations. Based on these results, novel OER electrocatalysts, e.g., LDH-RuO 2 nanohybrids, were synthesized by hybridization of exfoliated LDH NSs with a small amount of RuO 2 NSs (≤1.5 wt%). The crystal structure, pore structure, and chemical bonding character of the resulting LDH-RuO 2 nanohybrids were systematically investigated to understand the effect of RuO 2 hybridization on these properties. The OER activity of the obtained LDH-RuO 2 nanohybrid with a very small Ru content (~0.7 wt%) is one of the best among the reported values of LDH-based electrocatalysts, underscoring the remarkably high efficiency of hybridization with RuO 2 NSs.
Experimental procedures

Theoretical simulations
The DFT calculations were performed using Vienna ab initio Simulation Package (VASP) 5.4.1 19, 20 and project augmented wave function method 21, 22 . The spinpolarized Perdew-Burke-Ernzerhof functional 23 was chosen for the DFT calculation. For a better description of Ni-Co-LDH, a Hubbard-U correction (DFT + U) method 24 was included using U = 3.0 for Ni and U = 3.5 for Co 25 . The vacuum was set to be 15 Å thick. The geometry optimization was completed until the total energy change between the two last ionic steps was <1 × 10 −5 eV Å −1 . The optimized structures are illustrated in Figure S1 of the Supplementary Information, and the convergence processes are depicted in Figure S2 of Supplementary Information. The kinetic energy cutoff was 500 eV, and a 7 × 6 × 1 Monkhorst-Pack grid was used. We used Gaussian smearing with a width of 0.2 eV for stable convergence of the self-consistent field calculation. The Bader charge analysis was performed by using the method of Henkelman et al. [26] [27] [28] . The three-dimensional charge difference map was plotted by using VESTA v3.4.0 29 , and the planar averaged charge difference was obtained by using VASPkit 0.3 30 . To estimate the Gibbs free energy change of the reduction steps, we calculated the zero-point correction energy and entropic contribution at 298.15 K (ΔG = ΔE + ΔZPE − TΔS at standard condition). The reference potential was set as the half reaction for the reversible hydrogen electrode (RHE) under alkaline conditions (2H 2 
Sample preparation
The precursors of the RuO 2 NSs, Ni-Co-LDH, and Ni-Fe-LDH NSs were prepared by exfoliation processes of the corresponding layered solids [34] [35] [36] . The exfoliation of Ni-Co-LDH/Ni-Fe-LDH was achieved with a dispersion of the pristine LDH materials in formamide, whereas the exfoliated RuO 2 NSs were obtained by intercalation of tetrabutylammonium ions into protonated Na 0.2 RuO 2 35 . The exfoliated LDH NSs possessed a positive layer charge, whereas the exfoliated RuO 2 NSs were negatively charged (see Figure S3 in the Supplementary Information). The opposite surface charges of these NSs made their electrostatically driven self-assembly possible. As illustrated in Fig. 1 , Ni-Co-LDH-RuO 2 nanohybrids with variable RuO 2 contents were synthesized by restacking two kinds of colloidal suspensions of oppositely charged LDHs and RuO 2 NSs for 1 day at room temperature. The resulting nanohybrids with RuO 2 contents of 0.5, 1.0, and 1.5 wt% were denoted as NCR05, NCR10, and NCR15, respectively. A variable amount of 0.1 M Na 2 CO 3 solution was also added to maintain the charge neutrality. The obtained precipitates were washed with ethanol and distilled water and dried at 50°C under vacuum. Additionally, the exfoliated Ni-Fe-LDH NSs were also hybridized with RuO 2 NSs. The resulting Ni-Fe-LDH-RuO 2 nanohybrid with a RuO 2 content of 1.0 wt% was denoted as NFR10.
Characterization
The zeta potentials of the colloidal suspensions of NSs were measured using a Malvern Zetasizer Nano ZS (Malvern, UK) instrument. The crystal structures of the present materials were examined by powder X-ray diffraction (XRD) analysis (Rigaku D/Max-2000/PC, Nifiltered Cu Kα radiation, 25°C). The crystal morphologies of the obtained materials were probed with field emissionscanning electron microscopy (FE-SEM) using a JEOL JSM-6700F microscope. High-resolution transmission electron microscopy (HR-TEM) images of the present materials were obtained with a JEOL JEM-2100F microscope at an accelerating voltage of 200 kV. Energy dispersive spectrometry (EDS)-line scanning and energyfiltered transmission electron microscopy (EFTEM)-elemental mapping analyses were carried out to probe the spatial elemental distributions of the hybrid materials. The chemical bonding state of the RuO 2 NSs in the present nanohybrids was investigated by Fourier transformed-infrared spectroscopy using a JASCO FT/IR-6100 FT spectrometer. The local structures of the nanohybrids were studied using X-ray absorption spectroscopy (XAS). All the XAS data were collected at beam line 10C of the Pohang Accelerator Laboratory (Pohang, Korea) in transmission mode. The surface areas of the present materials were monitored using N 2 adsorption-desorption isotherm measurements at 77 K (Micromeritics ASAP 2020). The interfacial charge transfer between the LDHs and RuO 2 NSs was examined with X-ray photoelectron spectroscopy (XPS, Thermo VG, UK).
Measurement of the electrocatalytic activity
The electrochemical measurements were performed at room temperature using an IVIUM analyzer with a typical three-electrode cell. A rotating ring-disk electrode-3A (ALS) was used as a rotator. The catalyst ink was prepared by dispersing 7 mg of active material, 3 mg of carbon black (Vulcan-XC72R), and 25 μl of a 5 wt% Nafion solution (Sigma-Aldrich) in an isopropanol/water (1/4, vol/vol) mixed solvent by sonication for 1 h. A total of 10 μl of catalyst ink was dropped onto a glassy carbon (GC) electrode (3 mm, ALS), which was oven-dried at 50°C. A Pt wire and saturated calomel electrode were used as the counter electrode and reference electrode, respectively. All measurements were carried out in an O 2 -saturated 1 M KOH solution. The potentials were referenced to the RHE according to the Nernst equation, E (RHE) = E(SHE) + 0.241 2 + 0.059 × pH (at 25°C). The electrocatalytic OER performance was examined by linear sweep voltammetry (LSV), which was measured with a rotating speed of 1600 rpm at a scan rate of 5 mV s −1 from 1.15 to 1.75 V (vs. RHE) for NCR and from 1.15 to 1.65 V (vs. RHE) for NFR. The current density (j) was calculated from the ratio of the current over the surface area of the GC (0.071 cm 2 ). The dependence of the charging current density on the scan rate was measured by cyclic voltammetry (CV) in the potential range from 0.9964 to 1.0964 V (vs. RHE) to cover the open circuit potential of 1.0744 V (vs. RHE). Electrochemical impedance spectroscopy (EIS) data were collected at 1.6 V (vs. RHE) for NCR and 1.5 V (vs. RHE) for NFR with a frequency range of 0.1-10 000 Hz. Chronopotentiometry was performed at 10 mA cm −2 using rotating electrodes with O 2 bubbling. Results and discussion
DFT calculations
The effect of hybridization with RuO 2 NSs on the operation mechanism of the OER catalytic activity of Ni-Co-LDH was theoretically investigated by DFT calculations. According to a previous study on the OER pathway in alkaline media 37, 38 , the OER pathway is described as the adsorption of successive intermediate species on the catalyst (*) as follows (see also Fig. 2a) ;
We consider the catalytically active site as the deprotonated oxygen atom on the LDH surface 37 . As shown in Fig. 2b , the first step of the OER pathway on the Ni-Co-LDH monolayer, i.e., (R1), is calculated to be the most energetically unfavorable step, providing a threshold energy of 2.37 eV. Hybridization with RuO 2 makes the third step (R3) the most energetically unfavorable step with a threshold energy of 1.98 eV (Fig. 2c) . As expected from the previous study 17 , this result indicates an increase in the binding energy of OH − species on the LDH layer upon hybridization with RuO 2 NSs. Indeed, the distance between the oxygen atoms of the OH − species and the Ni-Co-LDH surface decreases from 1.499 to 1.476 Å after the hybridization of LDH with the RuO 2 slab, as shown in Figures S1a and S1b in the Supplementary Information. The origin of the enhanced binding energy of OH − species on the nanohybrids can be found in the electronic interaction between the LDH and RuO 2 layers. From the DFT-optimized structures, we find that the interlayer distance between RuO 2 and LDH is close enough to allow direct orbital-orbital interaction; the top-most oxygen atoms of RuO 2 NSs and bottom-most hydrogen atoms of Ni-Co-LDH NSs are separated by only 1.86 Å.
As shown in the density of state analysis of Fig. 3 , the occupied Ni 3d states in the middle of the bandgap of Ni-Co-LDH (Fig. 3a) are located close to the lowest unoccupied states of the RuO 2 slab (Fig. 3b) . Thus, after hybridization, significant mixing of the electronic structures of RuO 2 and LDH occurs (Fig. 3c) , resulting in charge transfer from LDH to RuO 2 ( Fig. 3d) and a formation of states at the Fermi level elevating the electrical conductivity of the catalyst. To quantify the amount of − is transferred to the RuO 2 NSs from Ni-Co-LDH. It was also found that the deprotonated oxygen atom (which serves as the catalytically active center of Ni-Co-LDH) loses the most charge (0.08e − ) among the oxygen atoms of Ni-Co-LDH. Thus, the present DFT calculation confirmed our speculation that charge transfer from Ni-Co-LDH to RuO 2 NSs makes the oxygen atom of LDH more electrophilic, and thus, hybridization with RuO 2 NSs enhances the adsorption of OH − on the Ni-Co-LDH, leading to a decrease in the overpotential for OER.
Structural and morphological characterizations of the NCR nanohybrids
Based on the results of the DFT calculations, the exfoliated Ni-Co-LDH NSs were hybridized with a small amount of RuO 2 NSs to experimentally verify the usefulness of RuO 2 NS hybridization in improving the OER efficiency of a LDH material. As plotted in Fig. 4a , all the present NCR nanohybrids as well as the pristine Ni-Co-LDH show XRD peaks typical of the Ni-Co-LDH phase, indicating stabilization of the LDH in the present nanohybrids. In contrast to the Bragg reflections of the LDH phase, the XRD peaks of layered RuO 2 are not discernible, reflecting the homogeneous dispersion of RuO 2 NSs and/or its low concentration below the detection limit. However, the incorporation of RuO 2 NSs into the present NCR nanohybrids is obviously evidenced by the Ru K-edge extended X-ray absorption fine structure and EDS-line scanning analyses, which show the presence of RuO 2 NSs in these materials (see Figures S4 and S5 in the Supplementary Information). As shown in the FE-SEM images of Fig. 4b , the exfoliation of Ni-Co-LDH into monolayered NSs induces a marked decrease in the lateral dimension of the LDH crystallites due to severe elastic deformation caused by the expansion of the interlayer spacing during the exfoliation process (see Figure S6 in the Supplementary Information). The NCR nanohybrids show house-of-cards-type stacking structures, reflecting the creation of mesopores upon hybridization. The HR-TEM image clearly demonstrates the intimate stacking of the oppositely charged Ni-Co-LDH and RuO 2 NSs. As seen clearly from Figure S7 in the Supplementary Information, the exfoliated RuO 2 NSs have a large lateral dimension of several micrometers, which is much greater than that of the Ni-Co-LDH NSs (~100-200 nm). As illustrated in Fig. 4c , clear lattice fringes corresponding to the (0, 1, 2) plane of Ni-Co-LDH and the (1, 0, −5) plane of RuO 2 are obviously observed in the present HR-TEM image, confirming the intimate hybridization between the two kinds of NSs. Moreover, the EFTEMelemental mapping analysis provides further evidence for nanoscale mixing between the LDH and RuO 2 NSs, showing the uniform distribution of Ru, Ni, Co, and O in all parts of NCR10. The molar ratios of LDH:RuO 2 were determined to be 1:0.007, 1:0.013, and 1:0.021 for NCR05, NCR10, and NCR15, respectively.
The stabilization of Ni-Co-LDH in the NCR nanohybrid was further evidenced by the observation of the typical IR band of this LDH phase ( Figure S8 in the Supplementary Information). Of prime importance is that the weak but distinct IR band of the RuO 2 phase appears at 470 cm −1 for both NCR10 and the RuO 2 NSs, confirming the incorporation of RuO 2 NSs into the present nanohybrid. The coexistence of Ni-Co-LDH and RuO 2 NSs in the present NCR nanohybrids was also confirmed by the Ni K-, Co K-, and Ru K-edge X-ray absorption near-edge structure (XANES) spectroscopic analyses (see Figure S9 in the Supplementary Information). In the Ru K-edge XANES spectra, all the NCR nanohybrids exhibit spectral features similar to those of the layered Na 0.2 RuO 2 , indicating the maintenance of the original layered lattice structure of the RuO 2 NSs upon hybridization with LDH. Similarly, in the Ni K-and Co K-edge XANES region, the overall spectral features of the NCR nanohybrids are nearly identical to those of the pristine Ni-Co-LDH, underscoring the incorporation of the Ni-Co-LDH lattice in the present nanohybrids. The N 2 adsorption-desorption isotherm measurements demonstrate that all the present NCR nanohybrids possess slightly larger Brunauer-Emmett-Teller surface areas (~35 m 2 g −1 ) than that of the pristine Ni-Co-LDH (~30 m 2 g −1 ), Figure S10 in the Supplementary Information. Despite the very small amount of RuO 2 NSs incorporated, hybridization with RuO 2 NSs leads to a slight but distinct increase in the surface area, indicating the usefulness of RuO 2 addition in enhancing the porosity of LDH materials.
The interfacial charge transfer between the hybridized components was experimentally verified with a surfacesensitive XPS technique. As plotted in Fig. 4d , two Ru 3p 3/2 and 3p 1/2 XPS peaks show lower binding energies of 462.4 and 484.8 eV for NCR05, 462.5 and 484.8 eV for NCR10, and 462.4 and 484.7 eV for NCR15 compared with those for the RuO 2 NSs (462.7 and 485.1 eV), highlighting the Ru oxidation state is lowered upon hybridization with Ni-Co-LDH NS. Conversely, the Ni 2p and Co 2p XPS peaks display a slight blueshift upon hybridization, confirming an electron transfer from Ni-Co-LDH to RuO 2 NSs, Figure S11 in the Supplementary Information. To further confirm the minute spectral changes upon hybridization with a small amount of RuO 2 NSs (1 wt%), the reference nanohybrid of Ni-Co-LDH with a much larger amount of RuO 2 NSs (10 wt%) was prepared and studied via Ni 2p and Co 2p XPS measurements. As shown in Figure S11 in the Supplementary Information, (Fig. 3d) .
Electrochemical performance of the NCR nanohybrids
The influence of the hybridization with RuO 2 NSs on the electrocatalytic activity of Ni-Co-LDH was examined for the OER process (4OH − →2H 2 O + 4e − + O 2 ↑). As plotted in Fig. 5a , all the present materials show a small peak between 1.3 and 1.4 V in the LSV curves, which corresponds to the oxidation of Ni 2+ and Co 3+ ions, confirming the main role of Ni-Co-LDH in the electrochemical activities of these materials 39 . The NCR nanohybrids display much smaller on-set potentials with a greater current density than that of the pristine Ni-Co-LDH, highlighting the beneficial effect of hybridization with RuO 2 NSs. Figure 5b presents the overpotentials of the present materials at a current density (j) of 10 mA cm −2 , which were taken from the LSV curves in Fig. 5a . The overpotential of Ni-Co-LDH is lowered by the incorporation of RuO 2 NSs. Among the present nanohybrids, NCR10 shows the best electrocatalytic performance with an overpotential of 276 mV at 10 mA cm −2 , which is 67 mV lower than that of Ni-Co-LDH, as predicted by the DFT calculations. Of prime importance is that the OER electrocatalyst performance of this material is the best with the smallest overpotential among all reported data on Ni-Co-LDH-based materials (see Table S1 in the Supplementary Information). Although RuO 2 is one of the best electrocatalysts for OER [40] [41] [42] , the present NCR nanohybrid displays a better electrocatalytic performance for OER than the RuO 2 NSs. In comparison with rutiletype RuO 2 nanoparticles 42 , the layered RuO 2 NSs show a lower OER activity. Generally, there are many factors affecting the OER activity of inorganic solids, such as the crystal structure, electronic structure, particle size, and degree of hydration 43, 44 . An excellent OER electrocatalytic activity has been reported only for rutile RuO 2 nanoparticles and not for layered RuO 2 NSs 45 . Thus, the inferior OER activity of RuO 2 NSs is attributable to its unique layered structure. Considering the inferior OER activity of layered RuO 2 NSs, the observed excellent OER electrocatalytic performance of NCR is interpreted to be a result of the synergistic coupling effect of two kinds of nanohybrids and Ni-Co-LDH. d Charging current density differences plotted against scan rates of NCR10 and Ni-Co-LDH. e EIS spectra of NCR nanohybrids, and f chronopotentiometry measurements at j = 10 mA cm −2 of NCR10 and Ni-Co-LDH NSs. The beneficial effect of nanoscale hybridization with RuO 2 NSs on the electrocatalytic activity of LDH is further evidenced by the OER electrocatalytic performance of NCR that is superior to that of a physical mixture of Ni-Co-LDH NSs and RuO 2 NSs. As shown in Figure S12 in the Supplementary Information, the electrocatalytic performance of the obtained physical mixture is markedly poorer than that of the NCR nanohybrid, underscoring the importance of nanoscale mixing between Ni-Co-LDH and RuO 2 .
The OER catalytic kinetics of the present nanohybrids was also examined by calculating the Tafel slope. As shown in Fig. 5c , all the NCR05, NCR10, and NCR15 nanohybrids exhibit smaller Tafel values, i.e., 85.1, 79.4, and 86.7 mV dec −1 , respectively, than the pristine Ni-Co-LDH (92.4 mV dec −1 ) and the physical mixture of Ni-Co-LDH NSs and RuO 2 NSs (93.0 mV dec −1 ), highlighting the significant improvement in the OER kinetics upon nanoscale hybridization with RuO 2 NSs. The smallest Tafel value occurs for NCR10, which is in good agreement with the high OER activity of this material. The electrochemically active surface area (ECSA) was also estimated from the plot of the charging current versus scan rate measured by CV, and the slope of this plot is equivalent to twice that of the ECSA. As presented in Fig. 5d , the ECSA of NCR10 is 162% greater than that of Ni-Co-LDH, strongly suggesting effective exposure of the edge sites of NSs upon the exfoliation-restacking process. Figure 5e shows the Nyquist plots of the NCR nanohybrids and the pristine Ni-Co-LDH at an applied potential of 1.6 V (vs. RHE) with the simulated fits. As shown in the EIS data in Fig. 5e , the semicircle reflecting charge transfer resistance (R ct ) decreases upon hybridization with RuO 2 NSs. According to the fitting analysis using the equivalent circuit, the nanohybrids of NCR05, NCR10, and NCR15 have R ct values of 20.6, 19.0, and 19.3 Ω, respectively, which are smaller than that of the pristine Ni-Co-LDH (34.38 Ω), indicating improvement in the charge transfer kinetics at the interfacial region upon hybridization with RuO 2 NSs. Among the present materials, NCR10 shows the smallest semicircle with the fastest electron transfer rate and smallest R ct . Since the R ct value corresponds to the electrochemical impedance for ion migration into the interfacial region near electrochemically active sites of electrocatalysts during the OER process, this parameter is dependent on both the diffusion rate of the reactant ions into the interfacial region and the electrical conductivity of the electrocatalyst. The content of electrocatalytically active LDH NSs has a significant influence on the R ct because promotion of the OER process will increase the ion diffusion rate into the interfacial region of the electrochemically active sites by enhancing the consumption of reactant ions. Additionally, the content of highly conductive RuO 2 NSs also affects the R ct value by increasing the electrical conductivity of the NCR electrocatalyst. Thus, there must be an optimal ratio of LDH/RuO 2 to minimize the charge transfer resistance of NCR. The present EIS results indicate that the NCR10 nanohybrid possesses an optimal ratio of RuO 2 /LDH to minimize the R ct .
As plotted in the chronopotentiometry data in Fig. 5f , Ni-Co-LDH exhibits a marked increase in potential after~8000 s, whereas the potential of NCR10 retains its initial value up to~16,500 s, highlighting the remarkable improvement in the electrochemical stability upon hybridization with conductive RuO 2 NSs. Over a longer period, the NCR10 material still shows good long-term stability superior to that of the pristine Ni-Co-LDH, Figure S13 in the Supplementary Information. Since the LDH has poor electrical conductivity, the accumulation of`charge upon the application of an electrical potential leads to redox-induced degradation of the LDH lattice and less electrochemical stability. Hybridization with highly conductive RuO 2 NSs increases the electrical conductivity of the hybridized material, resulting in a decrease in the charging effect and an improvement in the electrochemical stability upon hybridization 35 . In addition, the decreased aggregation of LDH crystals and formation of a porous stacking structure upon hybridization with RuO 2 NSs can also contribute to the enhanced electrochemical stability of the NCR nanohybrids 46, 47 . Of prime importance is that NCR10 displays a higher stability than rutile RuO 2 and commercial Ir/C electrocatalysts, as shown in Figure S14 in the Supplementary Information. The present findings clearly demonstrate the high efficiency of RuO 2 NSs as an additive to optimize the electrocatalytic performance of LDH materials.
Hybridization of cationic Ni-Fe-LDH NSs with anionic RuO 2 NSs
To verify the universal validity of hybridization with RuO 2 NSs, exfoliated Ni-Fe-LDH NSs were also hybridized with RuO 2 NSs to synthesize the NFR10 nanohybrid. Similar to the NCR nanohybrids, the NFR10 nanohybrid shows typical Bragg reflections of the Ni-Fe-LDH phase without any impurity peaks, indicating the presence of Ni-Fe-LDH in this material (see Figure S15 in the Supplementary Information). The formation of the homogeneously hybridized NFR10 material was confirmed by a TEM analysis (Fig. 6a) , showing the anchoring of smaller LDH NSs with (0, 1, 5) lattice fringes on the surfaces of larger RuO 2 NSs with (1, 0, −2) lattice fringes. The uniform hybridization between the RuO 2 NSs and Ni-Fe-LDH NSs was further evidenced by the EFTEMelemental mapping results, which showed the Ru, Ni, Fe, and O elements are homogeneously distributed in all parts of NFR10. As shown in the LSV curves in Fig. 6b , NFR10 is much more electrocatalytically active for OER than the precursor Ni-Fe-LDH; NFR10 shows a very small overpotential of 207 mV at 10 mA cm −2 , which is much lower than that of pristine Ni-Fe-LDH (261 mV). As plotted in Fig. 6c , NFR10 has a much smaller Tafel value of 39.7 mV dec −1 than that of Ni-Fe-LDH (100 mV dec
), indicating an improvement in the OER kinetics upon hybridization with RuO 2 NSs. This result highlights the beneficial effect of hybridization with RuO 2 NSs on the OER activity of Ni-Fe-LDH. Table S1 in the Supplementary Information shows that the observed overpotential of NFR10 is one of the lowest values among those reported in previous studies on Ni-Fe-LDH-based electrocatalysts. According to the EIS analysis (Fig. 6d) , the diameter of the semicircle reflecting the charge transfer resistance is smaller for NFR10 than pristine Ni-Fe-LDH, confirming the promotion of charge transfer kinetics upon hybridization with RuO 2 NSs. The present experimental findings provide strong evidence for the universal merit of RuO 2 NSs as an additive for exploring novel, efficient OER electrocatalysts in terms of strong electronic coupling with inorganic electrocatalysts and the resulting improvement in RDS kinetics.
Discussion
The combination theoretical and experimental study presented here clearly demonstrates that kinetic control of the RDS of an electrocatalytic reaction can provide a rational method to explore high-performance OER electrocatalysts with a remarkable decrease in overpotentials. The DFT calculations highlight the efficient role of RuO 2 NSs as an electron acceptor in increasing the electrophilicity of hybridized inorganic layers and enhancing the surface adhesion of OH − and/or OOH • species on the surface of LDH. This leads to a remarkable decrease in the activation energy of the RDS upon hybridization with RuO 2 NSs. Based on this theoretical calculation, highly efficient OER activities with remarkably lower overpotentials and excellent electrochemical stabilities can be achieved by intimate hybridization between electrocatalytically active LDH NSs and electron-withdrawing RuO 2 NSs. Nanoscale hybridization between exfoliated , respectively, as well as improved charge transfer kinetics and electrochemical stability. It is worthwhile to note here that the DFT calculation predicts a much greater change in the threshold energies of Ni-Co-LDH upon RuO 2 hybridization (2.37 eV → 2.26 eV; 110 meV decrease) compared with the shift of the on-set potential from 1.572 V for Ni-Co-LDH NS to 1.505 V for the NCR nanohybrid (68 mV decrease). We determined that the theoretical comparison of a single LDH layer versus an LDH-RuO 2 bilayer (corresponding to the case when every LDH layer develops an interaction with RuO 2 ) resulted in a more drastic change in the calculated overpotential than the experimental values. Even with the much smaller content of RuO 2 NSs (1 wt%) in NCR10 compared with that in the theoretical model of a 1:1 LDH-RuO 2 bilayer, NCR10 displays an OER activity slightly inferior but somewhat comparable to the theoretically predicted activity, highlighting the high efficiency of RuO 2 hybridization in increasing the electrocatalytic activity of the LDH. The present electrochemical results clearly demonstrate the effectiveness of hybridization with electron-withdrawing inorganic NSs in remarkably improving the electrocatalytic functionality of polar, inorganic solids. Controlling the RDS via hybridization with a small amount of electronwithdrawing RuO 2 NSs provides a novel, rational method to explore economically feasible efficient electrocatalysts. In comparison with previously reported, efficient, RuO 2 -based OER electrocatalysts showing low overpotentials of 360 mV for commercial 20 wt% RuO 2 /C (Ru:~14 wt%) 39 , 290 mV for RuO 2 -loaded on Ti plates (Ru:~74 wt%) 40 , and 220 mV for (100)-oriented rutile RuO 2 (Ru:~74 wt%) 41 , the present NFR10 nanohybrid with a much smaller Ru content of~0.7 wt% displays a much lower overpotential of 207 mV at 10 mA cm −2 , highlighting the usefulness of the present synthetic strategy in exploring novel, efficient electrocatalysts. The very low Ru content of the present nanohybrid provides this material with a high level of economic feasibility over that of conventional RuO 2 -based OER electrocatalysts. It is worthwhile to mention that despite the rarity of Ru, the price of Ru is still 12 times cheaper than that of Ir, which is also utilized as an OER electrocatalyst 48 , underscoring the validity of the present nanohybrid as an economically feasible electrocatalyst. Considering the fact that the 2D morphology of inorganic NSs provides effective anchoring sites for diverse inorganic electrocatalysts, the present synthetic strategy with electron-withdrawing or electron-donating inorganic NSs will evoke a great deal of research on the development of new, high-performance, hybrid electrocatalysts. A high flexibility in the compositional control of inorganic NSs via cation-and anion-substitution allows us to optimize the electronic structure and ability to accept or donate electron density of hybridized electrocatalysts 49 . Our current project is exploring novel, economically feasible, efficient electrocatalysts for HER, ORR, and CO 2 reduction reaction via hybridization of nanostructured transition metal hydroxides/oxides with electron-withdrawing/-donating inorganic NSs.
